To clarify the potential role of coronary computed tomographic angiography (CCTA) in characterizing and prognosticating high-risk coronary plaques. A systematic review and meta-analysis were conducted to compare high-risk vs. low-risk plaques and culprit vs. non-culprit lesions in patients with acute coronary syndrome (ACS) vs. stable angina (SA). High-risk plaques were defined by at least one of the following features: non-calcified plaque (NCP), the presence of spotty calcified plaque (SCP), or increased remodelling index (RI). Results of included studies were pooled as odds ratios (OR) or weighted mean differences (WMD) with 95% confidence interval (CI). Eighteen eligible studies provided data to compare plaque types, plaque volume, and RI. Six studies provided data on ACS events in vulnerable high-risk vs. low-risk calcified plaques after 35 + 2 months of follow-up. ACS patients had significantly higher number of NCP and SCP compared with SA patients with OR ¼ 1.96 (1.47-2.60; 95% CI) P ¼ 0.0001 and OR ¼ 4.5 (2.98-6.83; 95% CI) P ¼ 0.0001, respectively. Total plaque volume in ACS was not larger than SA: WMD ¼ 22.9 (222.1 to 67; 95% CI) mm 3 , P ¼ 0.32, but NCP volume was significantly larger: WMD ¼ 28.8 (10.9 -46.7; 95% CI) mm 3 , P ¼ 0.002. RI was higher in culprit lesions in ACS compared with SA and compared with non-culprit lesions in ACS patients: WMD ¼ 0.48 (0.25-0.70; 95% CI) P ¼ 0.0001 and 0.19 (0.07-0.30) P ¼ 0.0001, respectively. The associated risk of future ACS was significantly higher in high-risk than in low-risk plaques: OR ¼ 12.1 (5.24-28.1; 95% CI) P ¼ 0.0001. CCTA can non-invasively characterize high-risk vulnerable coronary plaques and can predict future ACS events in patients with high-risk plaques.
Introduction
Coronary computed tomographic angiography (CCTA) has high diagnostic accuracy and prognostic value in assessing coronary stenosis compared with the invasive coronary angiography. 1, 2 Importantly, CCTA has also demonstrated high diagnostic power in identifying coronary atherosclerotic plaques compared with invasive intravascular ultrasound (IVUS) and optical coherence tomography (OCT). 3, 4 Identification of non-calcified plaques (NCP), particularly those with low attenuation plaques (LAP), plaques with spotty calcifications (SCPs), positive remodelling with increased remodelling index (RI), and napkin-ring-like features has been considered as important features of plaque vulnerability and instability. 5 -12 Consequently, several CCTA studies have investigated plaque characteristics in patients presenting with acute coronary syndrome (ACS) compared with those with stable angina (SA) pectoris. 5 -7,10,13,14 Plaque types, volume, geometry, and structural characteristics in culprit and non-culprit lesions have been compared and debated. 11,15 -17 Alongside, a number of observational follow-up studies have assessed the prognostic value of vulnerable and rupture-prone plaques and their association with adverse future events, namely ACS. 18, 19 Currently, there is increasing interest and continuing debate on the potential role of CCTA as a non-invasive method for mapping of coronary atherosclerotic plaques for better understanding the adverse features of these plaques and the potential benefits of CCTA in guiding therapeutic interventions. Though our knowledge on coronary plaques has substantially enhanced in recent years, the hitherto published CCTA studies have been of relatively small size, with divergent results, of observational character and the associated prognosis with high-risk plaques has not been quite clear. The current systematic review and meta-analysis were therefore important to highlight and clarify the potential role of CCTA in characterizing and prognosticating coronary plaques.
Methods Design
Systematic review and meta-analysis.
Search strategy
No industry support was provided for this systematic review and meta-analysis that was conducted according to the Preferred Reporting Items for systematic review and Meta-analysis (PRISMA). 20 Search conducted in the electronic databases: PubMed, EMBASE, and Cochrane library for all published studies that examined coronary plaque characteristics in patients with ACS vs. SA using CCTA. The following keywords in different combinations were used: computed tomography, angiography, coronary artery, plaque, myocardial infarction, and prognosis. All relevant published systematic reviews and meta-analyses on this topic were identified and their reference lists were screened. Reference lists of the retrieved articles were screened as well. The literature search was restricted to published studies after year 2000 (that is after introduction of multi-slice CT technique) and up to 30 April 2015.
Study eligibility
This review constituted of two parts. The first part constituted a comparison between coronary plaque characteristics in patients with ACS vs. SA. Studies reporting comparison of the presence and number of coronary plaque types: calcified plaque (CP), NCP, spotty calcified plaque (SCP), and RI were considered eligible for analyses. The subset of Figure 1 Flow chart of the searching process and results.
Characteristics of high-risk coronary plaques LAP (HU , 30) was considered for a sub-analysis. Eligible studies should provide number of such lesions in both comparison groups as inclusion criterion. The second part constituted an estimation of the risk of development of ACS in detected high-risk vs. low-risk plaques. A high-risk lesion was defined by having at least one of these characteristics: low attenuation (study defined low HU value), positive remodelling, increased RI (.1.0), or the presence of SCPs. Studies providing the number of ACS events in each comparison arm were included in this analysis. Studies not providing relevant data were excluded.
Data extraction
Demographic, methodological, numbers of patients, and number of each type of plaque according to per-lesion (per-plaque lesions) and per-patient classification were all extracted from each study wherever available. The number of ACS events after follow-up period in the highrisk and low-risk plaque populations was extracted as well. For missing data in the text, data extraction from graphs or converting per cents to absolute numbers was performed wherever it was deemed necessary for data completeness. Means with standard deviations (SD) were calculated from medians with inter-quartile ranges, particularly in the studies that reported plaque volume. 21 Two authors (C.T. and J.A.) conducted the search process, systematic literature review, and data extraction. Any conflict was resolved by consensus.
Statistics
The reported numbers of each plaque type CP, NCP, and SCP in ACS compared with the corresponding numbers in SA were pooled together providing the overall odds ratio (OR) with 95% confidence interval (CI 
Results

Results of the search
The search process and results are shown in Figure 1 .
Characteristics of the studies and patients
Eighteen studies provided data concerning coronary plaque types in ACS patients (n ¼ 579) compared with SA patients (n ¼ 1176), Table 1 . The included studies provided data for the presence of three plaque types (CP, NCP, and CSP) which were eligible for pooled to compare ACS vs. SA at per-lesion and per-patient levels.
Four studies (n ¼ 317) provided data for comparison of quantified plaque volumes in ACS vs. SA 14, 15, 16, 26 (Table 1) . Seven studies 6, 11, 12, 14, 15, 17, 25 provided data for comparison of RI in culprit lesions in ACS vs. SA (Table 1) . There were no significant differences in the baseline demographic features between ACS and SA patients: the mean age was 62 + 10 vs. 64 + 10 years (P ¼ 0.22), per cent of male gender constituted 76 vs. 60% (P ¼ 0.73), patients with hypertension were 59 vs. 59% (P ¼ 0.35), patients with diabetes were 26 vs. 23% (P ¼ 0.61), and patients with hypercholesterolaemia were 56 vs. 45% (P ¼ 0.39).
Further six studies (n ¼ 5301) 18,19,27 -30 provided data investigating the outcome of ACS in vulnerable high-risk (low-density or napkin-ring) vs. low-risk (high-density or calcified) plaques, Meta-analysis of the plaque type in ACS compared with SA
The included 18 studies provided variable data concerning type and number of plaques divided to per-lesion and per-patient levels in 
Meta-analysis of plaque volume and remodelling index
The results of pooled analyses of total plaque volume in atherosclerotic lesions in patients with ACS vs. SA showed no significant WMD of 22.9 (222.1, 67.9; 95% CI) mm 3 , P ¼ 0.32, while NCP volume was significantly larger in ACS compared with SA with a difference of 28.8 (10.9 -46.7; 95% CI) mm 3 ( Figure 4) . RI was significantly larger in culprit lesions in ACS vs. culprit lesions in SA with a mean difference of 0.48 (0.25 -0.70; 95% CI) ( Figure 5) . Similarly, the culprit lesions had larger RI in ACS vs. non-culprit lesions in the same patients with ACS.
Outcome of ACS in patients with high-versus low-risk plaques
Meta-analysis of risk of ACS in low-vs. high-risk plaques in six studies ( Table 2 ) is shown in Figure 4 . At the end of the follow-up, Figure 3 Forest plot of the meta-analysis of studies that have compared per-patient presence of CP, NCP, and SCPs in patients with ACS vs.
those with SA. CI, confidence interval; N, number of lesions in ACS; n, number of lesions in SA; OR, odds ratio.
C. Thomsen and J. Abdulla ACS occurred in 79/3488 (2.2%) patients with low-risk plaques vs. 360/1374 (26%) patients with high-risk plaques. The risk of future ACS in high-risk plaques was significantly higher with OR of 12.14 (5.2-28.1; 95% CI), P ¼ 0.0001 ( Figure 6 ).
Study quality and publication bias
Six of the included 22 studies were prospectively designed 5, 11, 13, 22, 23, 26 while the other 16 studies were of observational character or retrospective data analysis of previous trials or databases. Investigators of CCTA data analysis were blinded, while in eight studies this was not clear. 10, 13, 15, 17, 22, 29, 30 There was no significant publication bias, neither in the 18 studies that examined plaques, nor in the six prognostic studies, P ¼ 0.085 and P ¼ 0.18, respectively.
Discussion
The summary results of this systematic review and meta-analyses have clearly demonstrated the potential role of CCTA in characterizing atherosclerotic coronary plaque composition and prognosticating high-risk plaques (Figures 7 and 8) . CCTA was fairly able to classify the specific adverse characteristics of high-risk plaques by identifying NCP and LAP, SCP and measuring RI. These adverse atherosclerotic features demonstrated by CCTA were more frequently associated in the presence of ACS, were suggestive of instability, and predicted increased future ACS events compared with low-risk CP. Additionally, the combined results of the included studies underscored that burden of CP was not significantly higher in ACS than in SA patients and that the increased risk of ACS events was actually linked to the presence of NCP, particularly LAP, and not CP. The included studies classified plaques into CP, NCP, and SCP, while only few studies sub-classified NCP into LAP with HU , 30 or napkin-ring types. Different HU cut-off limits used in different laboratories presumably have weakened the estimated risk of ACS associated with LAP. Evidently, at this time, there are no substantial published data available to carry out a thorough analysis of the risk of each NCP category. Nevertheless, a sub-analysis on LAP including three studies was possible. The result of this analysis underscored that the risk of ACS was higher in association particularly with LAP than NCP.
Previous studies comparing the diagnostic accuracy of CCTA with IVUS as standard reference reported high sensitivities (90 -93%) and specificities (90 -92%) for detecting any plaque and reported no significant differences between CCTA vs. IVUS in detecting plaque types and volume measurements. 4 ,31 However, the current Figure 4 Forest plots of the meta-analysis of total and NCP volumes in ACS vs. SA patients. CI, confidence interval; N, number of ACS patients; n, number of SA patients; WMD, weighted mean difference.
Characteristics of high-risk coronary plaques Figure 5 Forest plots of the meta-analysis of RI of culprit lesions in ACS vs. SA patients and of culprit lesions vs. non-culprit lesions in ACS patients. CI, confidence interval; N, number of ACS patients; n, number of SA patients; WMD, weighted mean difference. Figure 6 Meta-analysis of the risk of future ACS associated with high/vulnerable plaques compared with low-risk plaques. CI, confidence interval; OR, odds ratio.
C. Thomsen and J. Abdulla meta-analysis added new information about the ability of CCTA to stratify the risk of different high-risk plaques, whereas the risk of the presence of SCP was estimated 2.5-fold higher than NCP in ACS compared with SA patients. Furthermore, CCTA demonstrated significant differences in plaque volume and RI between culprit vs. nonculprit lesions in the same ACS patients and vs. culprit lesions in those with SA. Culprit lesions in ACS patients were characterized by larger NCP and with increased RI compared with those with SA. The estimated risk of developing ACS in patients with vulnerable high-risk plaques was substantially higher (12-fold) than those with low-risk plaques over 3 years of follow-up. Previously, many studies have shown that CCTA is able to prognosticate future major cardiac events according to the severity of coronary stenosis. 2 However, it has also been reported that recurrent ACS has a stronger relationship to the presence of culprit lesions with thin capsule fibrous atheroma rather than those with moderate degree of coronary obstruction. 32 In this context, it can be stated that the current meta-analysis supported the latter piece of evidence by demonstrating the strong link between adverse features of coronary plaques and future ACS. Our findings interestingly suggest that 82% of ACS in high-risk plaques came from only 33% of the total population of the current meta-analysis, which was substantially higher than 18% ACS in the low-risk plaques that came from 67% of the total population. This again underscores the importance of identifying high-risk plaques by CCTA. Compared with IVUS and OCT, CCTA is non-invasive with less discomfort and may be a more cost-effective method. Besides, CCTA is undergoing continuous technical improvements and may in the future characterize more accurately coronary plaques. In this regard, CCTA may be helpful in relation with revascularization procedures.
Based on the above-mentioned findings, changes in plaque morphology and composition guided by CCTA might be one of the unique tools to investigate the effect of therapeutic interventions to reduce risk of ACS. Today, all patients with ACS are indeed being treated with statins, which raises the question on whether statins can help SA or asymptomatic patients with vulnerable plaques with the purpose of preventing future ACS. Small size and observational studies examining the effect of statins have shown some promising results; 33 -35 nevertheless large-size trials with longer follow-up period are needed to confirm the favourable effect of statins on plaque regression and prevention of future ACS. 
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Limitations
The included studies in this meta-analysis were of relatively selected patients and of small size populations; therefore, the results should be interpreted cautiously due to possible selection bias. Differences in baseline characteristics and methodology might have induced heterogeneity between studies. The analyses of plaque characteristics were based mostly on per-patient type, while the per-lesion data were smaller and probably more relevant. It was also unclear whether some of the studies were of blinded design concerning plaque analysis by investigators, which may have contributed with some observer bias. Visual plaque assessment may also introduce some bias. The included studies investigated actual culprit lesions after occurrence of ACS, which means that the early features of acute lesions may in the meantime have changed to some extent. Low attenuation plaques were defined as HU varying between 60 and 150; this was also true concerning the definition of CPs that varied between studies from 130 to 220 HU, all these may have contributed with some heterogeneity.
Implications
The results of this meta-analysis underscore the clinical importance of high-risk atherosclerotic plaques characterized by CCTA. Therefore, clinicians are encouraged to careful management of the associated risk factors, to intensify the prophylactic treatment, and carefully follow-up these patients to prevent future myocardial infarction. CCTA may also provide useful information on high-risk coronary lesions prior to invasive catheterization and subsequently revascularization.
Conclusions
We conclude that CCTA can non-invasively provide reliable characterization of coronary plaques, can assess high-risk plaque, and can predict future ACS events. These findings support more attention and careful management of patients with high-risk atherosclerotic lesions. Interventional randomized control trials guided by CCTA are warranted to investigate whether specific therapies can improve the clinical outcomes.
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